ABSTRACT Thermally dependent development of soybean aphid (Aphis glycines Matsumura) and common buckthorn (Rhamnus cathartica L.) were examined in growth chambers in spring 2005. Models based on ambient air temperatures for all development events were developed. Adjusted models were developed to account for heat units acquired because of solar radiation. These models were tested at Þeld sites in Guelph and Ridgetown, Ontario, Canada. It was found that egg hatch of aphids and bud swell of buckthorn coincided at low temperatures in growth chambers and in the Þeld. Development thresholds of 9 and 10ЊC were acquired for bud swell and egg hatch, respectively. Models based on ambient air temperatures were poor predictors of bud swell and egg hatch in the Þeld, but models adjusted for solar radiation predicted these events just 1Ð 4 d before they were observed at both sites. The results obtained have broad application for predicting aphid hatch on a regional basis.
Soybean aphid (Aphis glycines Matsumura) (Homoptera: Aphididae) is a serious pest of soybean (Glycines max L. Merr.) (Fabales: Fabaceae) . A species native to eastern Asia, A. glycines was Þrst documented in Wisconsin in 2000, and has since spread throughout much of North America ). In addition to reducing yield in soybeans, A. glycines can vector viral diseases such as soybean mosaic virus (Clark and Perry 2002) , which is a threat to the productivity of soybean (Wu et al. 2004) .
Aphis glycines is heteroecious and holocyclic . Although associated most commonly with its principal summer hosts, A. glycines spends much of the year on its primary hosts, whicharespeciesofbuckthorn(Rhamnussp.)(Rhamnales: Rhamnaceae) , Voegtlin et al. 2004b , Wu et al. 2004 . In North America, Rhamnus cathartica L. and R. alnifolia LÕHé r are both conÞrmed to be suitable overwintering hosts for A. glycines (Voegtlin et al. 2004b) . R. cathartica is particularly abundant in agroecosystems north of the 41st parallel ). Soybean aphid overwinters as eggs on twigs along the margins of buds of Rhamnus shrubs , Wu et al. 2004 . In spring, eggs hatch into apterous, viviparous females, and several generations occur on Rhamnus before development of alatae and their migration to secondary hosts. A. glycines spends the summer feeding on secondary hosts while undergoing parthenogenic reproduction. Late in the season, with the onset of declining host quality, alate males and females are produced, and return to primary hosts. Alate females undergo a single generation on the primary host, producing oviparous females, which mate with alate males and lay eggs , Wu et al. 2004 .
Infestations of aphid eggs can be found among Rhamnus undergrowth adjacent to soybean. (Welsman et al. 2007) . In southern Ontario, we observed A. glycines on R. cathartica and soybean.
Throughout spring and autumn, A. glycines resides on the foliage of R. cathartica and on stems in the winter . Although A. glycines resides on R. cathartica for 8 Ð9 mo of the year (Voegtlin et al. 2004a) , much research on its biology and control has focused on its relationship to soybean (Clark and Perry 2002 , Rutledge et al. 2004 , Wu et al. 2004 ). Predictive models of the life histories of many crop pests have used degree-day models, including many species of aphid (Messing and AliNiazee 1991 , Kockourek et al. 1994 , Royer et al. 1999 , Kockourek et al. 1994 , Satar et al. 2005 . Thermal development parameters of A. glycines have been examined several times previously, but these studies examine development parameters of aphids residing on their summer host, soybean. Hirano et al. (1996) developed models for thermal-dependant development of Japanese populations of A. glycines on soybean. McCornack et al. (2004) examined fecundity and survivorship of North American populations of A. glycines at summer temperatures.
Degree-day modeling requires that the development rate of a poikilothermic organism is limited by biochemical reactions that are dependant on temperature and time and assumes the organism cannot regulate its own temperature and that ambient temperatures are representative of temperatures as experienced by the organism (Higley et al. 1986 ). Violations of these assumptions commonly occur: behavior mechanisms allow an organism to seek out more hospitable microclimates and temperatures of substrates on or in which an organism occurs will vary (May 1979) . Adjustments to ambient air temperature based degree-day models can be made to account for organism biology and behavior, as well as substrate: for example, Schaafsma et al. (1993) used modeled soil temperatures based on air temperatures to test the performance of a degree-day model for egg hatch of soil dwelling western corn rootworm.
In this study, we report results of an evaluation of thermal development requirements of A. glycines and its primary host. Our objectives were to describe the thermal development requirements of A. glycines and R. cathartica to determine whether egg hatch of aphids coincided with bud swell of buckthorn and to determine whether degree-day models developed in the laboratory under controlled conditions can be used to predict development events of both A. glycines and R. cathartica under Þeld conditions.
Materials and Methods
Establishment of Study Site. This study uses a rare occurrence of a high density of aphid eggs laid in wild areas surrounding soybean Þelds. In autumn 2004, a large population of A. glycines eggs on R. cathartica undergrowth was observed by one author along a hiking trail north of Guelph, Ontario (43.59Њ N, 80.27Њ W, elevation 330 m) . A 32-ha study site was established containing three soybean Þelds bordered by forested areas, divided through its center by a river. This site incorporated a series of experiments that examined biology and ecology of A. glycines. A detailed schematic of the site is provided by Welsman et al. (2007) .
Confirmation of Aphid Species. IdentiÞcation of A. glycines populations on R. cathartica foliage in autumn of 2004 was accomplished through random sampling of 154 individuals and visual diagnosis of gynoparae and oviparae. Specimens were taken on-site, preserved in 90% ethyl alcohol and diagnosed under a dissecting microscope by reference to available keys (Blackman and Eastop 2000) . A subset of 21 of these specimens were randomly selected, cleared, and mounted in Canada balsam for viewing under a compound microscope. Voucher specimens have been deposited in the University of Guelph Insect Collection, Guelph, Ontario, Canada. chamber to monitor precise temperature conditions. The data loggers had been previously calibrated against each other to ensure each logger responded to temperature in the same way. Relative humidity was maintained between 65 and 75% in the chambers by placing open pans of water in the bottom of each chamber. Light reaching canopy level was measured at four sites within each chamber, and these data were subjected to a t-test using Proc GLM (SAS Institute, Cary, NC) to ensure light conditions did not differ between chambers. A summary of growth chamber conditions can be found in Table 1 . R. cathartica seedlings were placed in each growth chamber on staggered dates: one shrub was introduced into each chamber on 21 and 28 February and 7, 14, 21, and 28 March and two shrubs were introduced to each chamber on 30 March 2005, for a total of eight shrubs at each temperature. The shrubs were visually inspected using a hand lens daily for plant and aphid developmental events (R. cathartica bud swell, A. glycines egg hatch, Þrst reproduction of fundatrices, generation time, and development of Þrst alates). Because of temporal constraints (i.e., approaching natural spring and thus A. glycines eclosion events in the Þeld) and limitations of space, treatments (temperature regimens) were assigned to one cabinet throughout the experiment. A single shrub randomly assigned to a constant temperature was therefore considered to be the experimental unit in an incomplete block design, repeated in time.
Bud swell of R. cathartica was considered to have occurred when buds expanded and green tissue Þrst became visible between bud scales. Aphid hatch was recorded when the fundatrix aphid had completely eclosed from the egg. First reproduction was considered to have occurred when the Þrst daughters were observed alongside mother aphids. Generation time Relative humidity was maintained between 65 and 75% at all times in all chambers. Light conditions did not vary signiÞcantly between chambers (F ϭ 0.69, P ϭ 0.6123, df ϭ 4).
was obtained by culling second generation aphid colonies to a single Þrst-instar nymph on the day of its birth and observing that individual until it produced offspring. The Þrst observed alates were recorded on shrubs with both culled and unculled populations of aphids. When an event was observed, total exposure time and temperature treatment were recorded. Data for each event were subjected to linear regression for development rate R (inverse of length of exposure period, in days
Ϫ1
) versus average daily temperature T (Higley et al. 1986 ) using Proc GLM (SAS Institute, Cary, NC) and took the form:
after Campbell et al. (1974) , where a is the Y-intercept, and b is the slope. Degree day model parameters took the form:
where DD is the degree-day accumulation required for an event to occur and X int is the X-intercept or thermal threshold of the model. A type I error rate of ␣ ϭ 0.05 was observed for all statistical analyses. Models based on ambient air temperatures obtained in growth chambers were adjusted for heat acquired by twigs caused by solar radiation using methodology after Oke (1987) . In summary, the rate of short wave energy arriving at our sites K 1 was calculated using incident angle ⍜ of radiation caused by Julian date, D, latitude L, hour of the day t (based on a 24-h clock), transmission coefÞcient of a clear sky (a s ϭ 0.84) (Campbell 1977) , mean standard pressure P at site elevation calculated using site elevation E, and mean standard pressure at sea level (P o ϭ 101.325 kPa) (Bugbee and Blonquist 2006) and the solar constant (S o ϭ 1367 W/m 2 ) (Oke 1987) , where ␦ is the solar declination angle caused by Julian date (Oke 1987) , h is the solar declination angle caused by hour of the day (Oke 1987) , and M is the airmass number (Campbell 1977) :
The net short wave radiation K* received and not reßected by our twigs was calculated using the albedo of bare deciduous plants (A ϭ 0.15) (Oke 1987) :
Long wave radiation balance L* was found by calculating the amount of long wave radiation incident to specimens from the atmosphere and the rate of emissivity of the twig. This calculation employed air temperature T a (in Kelvin), an emissivity for bare deciduous plants ( o ϭ 0.97) (Oke 1987) , emissivity of air ( a ϭ 0.92 ϫ 10 Ϫ5 T a 2 ) (Oke 1987) , and the Boltzman constant ( ϭ 5.67 ϫ 10 Ϫ8 ). For the purpose of this calculation, it was assumed that twig temperature did not deviate from air temperature to a large degree.
The net energy acquired by a twig caused by radiation ⌬T can be expressed as:
The temperature increase on a twig caused by solar radiation ⌬T was calculated from this using the heat capacity of air (C a ϭ 1,200 J/kg K) and the aerodynamic resistivity of a dry crop (r ϭ 20 s/m):
The correction factor ⌬T was added to hourly thermal data, and corrected degree-day accumulations were calculated for bud swell and hatch under Þeld conditions. For an example calculation, see Appendix 1. Testing the Models: Field Study. Sites with overwintering populations of A. glycines on R. cathartica in Guelph, Ontario, and Ridgetown, Ontario (42.45Њ N, 81.89Њ W, elevation 200 m) were observed in the early spring for development events of R. cathartica and A. glycines. StowAway data loggers (Onset Computer Corp., Bourne, MA) with ambient air temperature probes were encased in reßective metal shielding to ensure ambient air temperatures were measured. The data loggers were placed at each site at chest height. In early spring 2005, twigs found to have aphid egg infested buds were marked. These twigs were examined visually with a hand lens for development events of A. glycines and R. cathartica. Observations were made once daily on three shrubs in Guelph and one shrub in Ridgetown from 20 March 2005, until hatch and bud swell were Þrst observed at that location. Dates on which events were observed were recorded and the degree-day accumulation for these time periods were compared with models developed in the laboratory.
Results
Confirmation of Aphid Species. All 154 aphid specimens identiÞed in this study were A. glycines. These results suggest that all aphid eggs collected from our study site were from A. glycines.
Growth Chamber Study. Light conditions in growth chambers were not signiÞcantly different (F ϭ 0.69, P ϭ 0.6123, df ϭ 4), with only temperature varying between chambers (Table 1) .
A total of 122 hatch events were observed in the period of study. Because the aim of this study is to predict Þrst hatch of soybean aphid, only the Þrst eggs hatching on a particular shrub (n ϭ 59) in a particular chamber were used in developing the predictive model. Eggs hatch observations after the day of Þrst hatch were not used in the regression. Development rates for all events tested were linear with temperature, and degree-day models were produced. (Table  2 ). Bud swell of R. cathartica and Þrst egg hatch of A. glycines coincided at lower temperatures in growth chambers (Fig. 1) . This relationship diverged at higher temperatures, speciÞcally at 24ЊC. Slopes of regression lines for bud swell and egg hatch did not differ signiÞcantly (P ϭ 0.0605, F ϭ 3.61, df ϭ 1), and each line fell within the 95% conÞdence interval of the other (Fig. 1) .
Unculled populations of A. glycines on R. cathartica resulted in foliage very heavily infested with aphids.
Culled populations, also used for estimating generation time, did not produce alatae. This implies density dependence in development of alatae by aphid colonies, as well as thermal dependence. Because neither methodology yielded populations similar to those observed in the Þeld, the model developed was not compared with Þeld data.
First reproduction and subsequent generation time were examined in growth chambers (Table 2) . Development time of A. glycines on R. cathartica can exceed two generations in 3 d at warmer temperatures (Ն24ЊC). Subsequent generations have a signiÞcantly higher rate of response to temperature than the Þrst generation from egg (P Ͻ 0.0001, F ϭ 41.53, df ϭ 1).
Testing the Models: Field Study. Field observations in both test locations found egg hatch of A. glycines and bud swell of R. cathartica occurred simultaneously (Table 3) . These events were observed 16 Ð26 d before Fig. 1 . Comparing degree-day models for egg hatch of soybean aphid (A. glycines Matsumura; n ϭ 59 observations), and bud swell of common buckthorn (R. catharica L.; n ϭ 40 observations), as observed from growth chamber reared specimens collected near Guelph, Ontario, in fall 2004. Data points and regression lines and 95% CI for the regression lines are displayed. Regression line slopes are not signiÞcantly different in the range of temperatures tested (P ϭ 0.0605) at a type I error rate of ␣ ϭ 1. Model parameters are given in Table 2 . , total no. of event observations n, degrees of freedom df, and Fisher statistic F. For all models, P Ͻ 0.0001. models based on ambient air temperature would have predicted their occurrence (Table 3 ). Development models adjusted for solar radiation predicted egg hatch events within 2Ð 4 d, and bud swell events 1Ð3 d before their observation in the Þeld (Table 3) . Degree days accumulated much more quickly using the solar radiation adjusted degree-day models than the models based on ambient air temperature alone (Fig. 2) . Degree-day accumulations for the date on which the events were observed calculated using development thresholds from laboratory models accounting only for air temperature were considerably lower than that predicted and those calculated using the adjusted models were slightly higher than those predicted (Table 4) . Degree-day accumulation using the model using ambient air temperatures and a model adjusted for solar radiation are shown. A horizontal line representing the degree-day requirements for bud swell (required thermal units ϭ 54 DD, development threshold ϭ 10ЊC) and vertical lines representing the date of observation of these events in the Þeld are included.
Discussion
Our experiments showed a high level of synchrony between egg hatch of A. glycines and bud swelling of its overwintering host. Dixon (1976) was surprised by the lack of synchrony between eclosion of sycamore aphids and the bud break of their host (sycamore). Aphids that hatch before the buds of their host break suffer high mortality, but individuals that hatch late may encounter a compromised nutritive quality of available host tissues (i.e., presence or development of defensive compounds or dilution of nutrients in older leaves). He suggested that the lack of synchrony could be attributed to the distance sycamore aphid eggs are located from the buds (typically around 50 cm) and the fact that hosts and aphids may respond differently to varying temperature. The higher degree of synchrony observed in this study may be caused by oviposition behavior of A. glycines; when eggs are placed at sites on or near buds, further, egg eclosion may be triggered by plant hormonal cues (Dixon 1976) , rather than heat units acquired by eggs alone. To test if plant cues affect aphid development, a study similar to ours could be performed examining the development rates of aphid eggs that had been carefully excised from the host and reared in isolation.
Unculled populations of A. glycines resulted in heavily infested buckthorn in our experiments, unlike aphid populations observed on R. cathartica under Þeld conditions. This was likely because of a lack of natural mortality factors experienced by many aphid species, such as predation and exposure to rain and wind (Dixon 1976) . Culled populations did not produce alatae in our study, implying density dependence in development of alatae by aphid colonies, as well as a thermal dependence. Michaud (2001) found a positive correlation between the number of citrus aphid nymphs that matured to alatae and population density on host plants. He found citrus aphid nymphs were not irreversibly committed to developing into alatae until early in the third instar (Michaud 2001) . In our study, aphid populations were culled while nymphs were in their Þrst instar, before individual nymphs could become committed to becoming alatae.
Our study observed reproduction rates higher than previously documented for A. glycines. Development time of aphids on R. cathartica was observed at up to 1.5 generations per day at 24ЊC. The mean development rate observed by Hirano et al. (1996) for A. glycines on soybean in Japan was highest at 27ЊC; at which aphids could complete development in 3.9 d. In a similar experiment performed in North American soybeans by McCornack et al. (2004) , it was found that optimal development temperature for A. glycines was 27.8ЊC, at which aphids could complete development in 4.5 d.
Survival of A. glycines eggs was much lower at 24ЊC than at lower temperatures, resulting in fewer repetitions that provided viable data. This low survivorship may be caused by temperature conditions in these chambers being so dramatically different from spring conditions in Ontario, where constant warm temperatures are not typical (C. Bahlai, unpublished data). In a similar experiment examining A. glycines development rates on soybean, Hirano et al. (1996) found development rates and fecundity of aphids were decreased when exposed to constant temperatures Ͼ27ЊC. Heat tolerance of aphids of the same species collected from different locales and fed on different host plants can vary; Xia et al. (1999) found that populations of A. gossypii reared on certain hosts exhibited higher heat tolerance than others.
Our results suggested that a predictive model can be developed; however, further Þeld testing at additional locales will be required to ensure wider applicability. Field observed degree-day accumulations for A. glycines egg hatch and R. cathartica bud swell seem to be consistent between Þeld locations. The model was evaluated at two thermally distinct locations. Guelph and Ridgetown locations have markedly different temperature proÞles over growing seasons: average corn crop heat unit accumulations (CHUs) are 2,680 CHU at Guelph and 3,340 CHU at Ridgetown (Brown and Bootsma 1997) .
Models obtained relying solely on ambient air temperature dramatically underestimated heat units acquired by both buds of R. cathartica and eggs of A. glycines (Table 4 ). This deviation is likely accounted for by microclimate effects caused by solar radiation reaching eggs and buds. Models adjusted to account for extra heat units acquired by eggs and buds because of solar radiation predicted these events in the Þeld much more accurately. We have shown here that relying on ambient air temperatures to approximate conditions experienced by insects is an oversimpliÞ-cation: microclimate effects caused by behavior, morphology, and substrate can deviate dramatically from ambient conditions. Microclimate effects should be considered in development and use of degree-day models, because they can dramatically increase the accuracy of these models. These adjusted models overestimated the heat units acquired by buds and twigs, likely because adjustments did not account for cloud cover (i.e., the adjusted models assume all days in the study period were sunny). Cloud cover would decrease the amount of solar energy reaching eggs; thus, in years with a cloudy spring, we would expect eggs to hatch later than years with a sunny spring, even if average temperatures were consistent between the 2 yr. The adjusted model predicted egg hatch 2Ð 4 d before its observation at both locations. Because the models do not account for cloud cover or shading caused by undergrowth, predictions made by the adjusted model should be regarded as the earliest possible dates of eclosion.
Migratory aphids infesting soybean in the early vegetative stages can increase the risk that economically signiÞcant populations may occur during susceptible plant stages (Baute 2007) . Degree-day models of A. glycines on its primary host may prove to be a relevant risk assessment tool for Ontario soybean producers. By relating the development of A. glycines to its overwintering host, weather data could be used to indicate when scouting for aphids should commence. Area-wide predictions of when hatch can Þrst be observed would allow producers observing aphid colonies adjacent to Þelds to decide if early infestation of soybean was likely and if investment in seed treated with insecticides was necessary.
Sample Calculation for Solar Energy Temperature Correction Factor
At a Þeld site near Guelph, Ontario, on 28 March 2005, at 1400 hours, the temperature of air surrounding a R. cathartica twig in full sun was measured to be 7.64ЊC. Assuming a sunny day, the temperature at the surface of the twig will be higher than the air temperature because of solar radiation. The following calculation provides an estimation of the actual temperature at the surface of the twig.
The site was located at L ϭ 43.59Њ N. The time of 1400 hours on 28 March 2005 corresponds to a Julian date of D ϭ 87 at t ϭ 14 hours after midnight. From this information, we are able to calculate the angle of incident radiation ⍜ at the site at this time on this date using equations 4 Ð 6: The site is at an elevation of E ϭ 330 m, and mean standard pressure at sea level is (P o ϭ 101.325 kPa) (Bugbee and Blonquist 2006) , the transmission coefÞcient of a clear sky is a s ϭ 0.84 (Campbell 1977) , and the solar constant is S o ϭ 1367 W/m 2 (Oke 1987) . Using these values and the previously calculated angle of incident radiation, the amount of solar energy arriving at the site K 1 can be calculated using equations 6 Ð9: 
